We have examined experimentally and theoretically the resonance frequency of a lead zirconate titanate ͑PZT͒/brass unimorph disk transducer with a water ͑ice͒ layer on the brass surface. We showed that the flexural resonance frequency decreased with the presence of a water layer and the decrease in resonance frequency increased with an increasing water amount. Upon lowering the temperature, the freezing transition of the deposited water layer was detected when the resonance frequency of the transducer increased abruptly at the freezing temperature. In contrast to water, an ice layer increased the resonance frequency and the increase in the resonance frequency increased with the ice layer thickness. Theoretically, an analytic expression for the flexural resonance frequency of a unimorph transducer in the presence of an ice ͑water͒ layer on the brass surface was obtained in terms of the Young's moduli, densities, and thickness of the PZT, brass, and ice ͑water͒ layers. The theoretical predictions were shown to agree with the experimental results.
I. INTRODUCTION
Ice formation on aircraft wings, space shuttle fuel tanks, and highway bridges can create hazardous conditions. For example, ice buildup on the leading edge of a fixed wing increases the drag and decreases the lift of an aircraft. Dislodged ice can damage the aircraft skin, antennas, or other instruments, leading to catastrophic engine failures if ingested. Such potential hazards have led to the development of various ice sensing techniques [1] [2] [3] [4] [5] [6] [7] [8] such as ultrasonic, laser, and time domain. Many of these techniques have the disadvantages of high costs, complicated structures, and difficulty to miniaturize and integrate with the main structure.
A flexural d 31 -gradient transducer is a piezoelectric transducer with a gradient in the piezoelectric coefficient, d 31 , in the thickness direction. Due to the axial gradient in the piezoelectric coefficient, d 31 , the transducer undergoes bending when an electric field is applied in the axial direction. For example, a ''unimorph'' transducer has a piezoelectric layer bonded to a nonpiezoelectric one and thus has a stepwise d 31 distribution in the thickness direction. The term unimorph is used to distinguish from a ''bimorph'' transducer that consists of two piezoelectric layers bonded together. The flexural resonance frequency of a flexural d 31 gradient, e.g., unimorph, transducer is sensitive to mass accumulations and bending-modulus changes in the transducer. 9 Based on the earlier work, 9 a solid layer deposited on the surface of the transducer should increase the flexural resonance frequency of the transducer because a deposited solid layer not only increases the mass per unit area but also the bending modulus. On the other hand, a liquid layer should decrease the flexural resonance frequency because the presence of a liquid does not increase the bending modulus but only increases the mass per unit area of the transducer.
The purpose of this study was to examine both theoretically and experimentally how the flexural resonance frequency of a flexural d 31 -gradient disk transducer changes due to the solidification of a deposited liquid layer. For the present study, water was our model liquid system. The result of the present study can be readily applied for, say, aircraft ice detection. Specifically, we deposited water on the brass side of a lead zirconate titanate ͑PZT͒/brass unimorph disk transducer ͓Fig. 1͑a͔͒. In this case, PZT is the piezoelectric layer and brass is the nonpiezoelectric one. Freezing of the deposited water layer was examined by measuring the resonance frequency change in the transducer. The advantage of using a piezoelectric unimorph transducer is that both actuation and sensing can be achieved electrically. A dual top electrode design, i.e., a sensing top electrode separated from a driving top electrode allowed the resonance to be detected simply as demonstrated in a previous study with a piezoelectric unimorph cantilever liquid viscosity and density detector. 10 When an ac voltage was applied to the driving electrode the converse piezoelectric effect caused the cantilever to vibrate. At resonance, the large resonant vibration amplitudes gave rise to large piezoelectric voltages detectable at the sensing electrode via the direct piezoelectric effect. a͒ Electronic mail: shihwy@drexel.edu Theoretically, analytic expressions were obtained for the resonance frequency of a PZT/metal unimorph transducer in presence of an ice ͑water͒ layer on the metal surface. The theoretical predictions were shown to agree with the experimental results. In addition to simple electric actuation and detection, a PZT/metal unimorph disk transducer can also be easily miniaturized, mounted on, and integrated with the main structure.
II. THEORY

A. With a solid layer
Consider a circular disk transducer composed of three different layers: a piezoelectric layer of thickness, t p , density, p , and Young's modulus, E p , a metal, e.g., brass, layer of thickness, t b , density, b , and Young's modulus, E b , and a solid, e.g., ice layer of thickness, t i , density, i , and Young's modulus, E i , deposited on the brass surface as schematically shown is Fig. 1͑a͒ . In this design, the brass layer not only served as the nonpiezoelectric layer of the unimorph but also protected the piezoelectric layer and the driving and sensing electrodes from the environment. The bending-mode resonance frequency of a transducer can be written as
where 2 is the eigen value that depends on the geometry and boundary conditions of the transducer, L is the diameter of the transducer, D is the bending modulus per length of the transducer, and m is the mass per unit area obtained as
The bending modulus per length depends on the Young's modulus and thickness of each layer. Because the deposited solid layer is rigid, it contributes to the bending modulus as well. Denoting D i as the bending modulus of the transducer with a solid layer of thickness, t i , on the top of the brass layer ͓see Fig. 1͑a͔͒ and assuming perfect bonding between the deposited solid layer and the brass, D i can be obtained by
where z is the position variable in the thickness direction, and
the position of the neutral-strain plane as determined by the condition that the total bending stress in the transducer is zero, i.e.,
͑5͒
with r being the radius of curvature. Plugging t n in Eq. ͑3͒, the bending modulus per length can be obtained as
With a solid layer, both the bending modulus per length, D i , ͓Eq. ͑6͔͒ and the mass per unit area, m, ͓Eq. ͑2͔͒ increase with an increasing deposited layer thickness. The mass per unit area, m, is linear in the deposited layer thickness whereas the bending modulus per length, D i , increases more rapidly with the deposited layer thickness ͓see Eq. ͑6͔͒. Consequently, deposition of a solid layer will result in an increase in the bending-mode resonance frequency.
B. With a liquid layer
When a liquid, e.g., water layer of thickness t w is deposited on the brass side of the transducer as schematically shown in Fig. 1͑b͒ , the liquid layer contributes to the mass per unit area, m, as
where w is the density of the liquid. Because the liquid layer has no rigidity, it does not contribute to the bending modulus per length of the transducer. Denoting the bending modulus per length of the transducer with a liquid layer as D w , D w can be obtained by
where
A schematic of the cross section of the PZT/brass unimorph disk transducer with ͑a͒ an ice layer and ͑b͒ a water layer on the brass surface.
is the neutral strain plane obtained by solving
Plugging Eq. ͑9͒ in Eq. ͑8͒, the bending modulus of the transducer with a liquid layer can be written as
Thus, with a liquid layer, the bending modulus per length of the transducer, D w , does not change with the liquid layer thickness while the mass per unit area increases with an increasing amount of liquid ͓see Eq. ͑7͔͒. This indicates that the bending-mode resonance frequency should decrease with an increasing amount of deposited water. Therefore, a flextensional transducer, quite unlike other techniques, not only can detect the presence of a layer on the transducer surface but also can distinguish whether the deposited layer is a solid or a liquid.
III. EXPERIMENT
In the present design, the flextensional d 31 -gradient transducer was a PZT/brass unimorph disk. The piezoelectric PZT ͑APC PZT-857͒ disk, approximately 0.0254 cm thick and 3.0 cm in diameter with silver-paste electrodes on both sides, was purchased from APC International Ltd. ͑Mack-eyville, PA͒. The APC PZT-857 is a soft PZT with a composition near the morphotropic phase boundary. The brass layer was an Alloy 260 brass sheet ͑McMaster-Carr Supply Company, Dayton, NJ͒ with 0.0127 cm thickness and a 4.5 cm diameter. The material characteristics of the PZT and that of the brass were taken from the data sheet provided by the suppliers and listed in Table I . Prior to bonding the PZT layer to the brass, the PZT disk was first poled with an electrical field of 2ϫ10 6 V/m at 110°C in transformer oil. After poling, the top electrode was refashioned into a ring-and-dot pattern as schematically shown in Figs. 2͑a͒ and 2͑b͒ . The central circular electrode ͑the dot͒ that was about 0.4 cm in diameter served as the sensing electrode. The outer electrode that was shaped like a ring ͑the ring͒ served as the driving electrode. The silver paste between the central circular electrode and the outer ring electrode was chemically etched to create a gap about 0.2 cm wide. The PZT disk was then glued to the brass sheet with the bottom electrode facing the brass sheet using a conductive epoxy from GC Electronic ͑Rockford, IL͒.
While the resonance frequencies of a piezoelectric transducer can be determined using an impedance analyzer, 9, 10 with a sensing electrode separated from the driving electrode, the resonance frequencies can be obtained without an impedance analyzer. To generate bending oscillations in the PZT/brass unimorph transducer, an ac electric field was applied at the outer ring electrode. The lateral stresses in the PZT layer associated with the bending movements in turn gave rise to induced electric fields detectable as voltage differences between the dot sensing electrode and the brass. When the frequency of the driving electric field matched one of the bending-mode resonance frequencies of the unimorph transducer, the induced voltage at the sensing electrode was maximized. Thus, the resonance frequencies of the transducer can be determined by monitoring the output electrical signal at the sensing electrode. With this approach, the resonance frequencies of the transducer can be easily determined. The advantages of such dual electrode designs include simple electrical detection, potential for integration with the microelectronic circuitry for in situ resonance-frequency monitoring, and large driving voltages that can also be used to melt the ice when de-icing is desired.
A schematic of the experimental setup is shown in Fig.  3 . The brass rim of the PZT/brass unimorph disk transducer was firmly clamped with a cylindrical brass holder with an opening about 4.0 cm in diameter. The surface of the brass holder was wavy to ensure the brass rim of the disk unimorph transducer was firmly clamped by the brass holder. The PZT side of the transducer was facing down for protection and the brass side of the transducer was facing up to hold the deposited material, e.g., water or ice. A functional generator ͑Tektronix TM 5006, FG 501A 2 MHz function generator͒ was connected to the outer ring electrode to provide the driving voltage for the bending oscillation. A dualchannel digital oscilloscope ͑HP 54600A͒ was connected to the central sensing electrode to detect the piezoelectric voltage induced by the bending vibrations. When the frequency matches one of the bending-mode resonance frequencies of the transducer, the induced voltage at the sensing electrode was maximized. To avoid heating the transducer, a small driving voltage of 1 V peak to peak was used for the experi- A T-type thermal couple connected to a digital thermal meter ͑Fluke 2190A͒ was placed right above the transducer surface to monitor the temperature change in the transducer. The brass surface of the transducer was cleaned with detergent and water before the experiment.
IV. RESULTS
The first bending-mode resonance frequency was first measured at room temperature without water. Various amounts of water were carefully deposited on the brass surface of the transducer using a micropipette. The bending resonance frequency of the transducer with water was measured. Figure 4 shows the measured resonance frequency of the PZT/brass transducer versus water layer thickness ͑open circles͒. Also shown are the calculated resonance frequencies ͑dotted line͒ where the mass per unit area and the bending modulus per length were obtained using Eqs. ͑7͒ and ͑11͒, respectively. An effective eigen value, eff 2 ϭ9.2, was used for all the calculations, which was about 10% smaller than the ideal eigen value, 2 ϭ10.2.
11 Under ideal clamping conditions, i.e., the transducer should be clamped at the rim of the PZT layer. In the present experiments, the PZT layer was smaller than the brass. The transducer was clamped at the brass rim instead of the PZT rim ͑see Fig. 3͒ and the diameter of the clamp was slightly larger than the diameter of the PZT disk ͑4 cm͒ to avoid cracking the PZT layer. These were not exactly the clamping conditions for the ideal eigen value 2 ϭ10.2 where the unimorph should be clamped at the PZT rim. To take into account of the present slightly different clamping conditions, we allowed the eigen value to be different from 2 ϭ10.2. It was obtained by fitting the calculated resonance frequency of the bare transducer without water to the measured value and is listed in Table I along with other physical properties used in all subsequent resonance frequency calculations. Figure 4 clearly shows that the resonance frequency decreased with an increasing amount of water and that the calculated resonance frequencies of the transducer with water agreed with the measured ones. This indicates that the resonance frequency of a unimorph transducer with a liquid layer on the metal side can indeed be described with Eqs. ͑1͒, ͑7͒, and ͑11͒.
After a water layer was deposited on the brass surface, the temperature was lowered. The first-mode flexural resonance frequency of the transducer was recorded at various temperatures during the cooling and the heating cycles. Figure 5 shows the resonance frequency versus temperature with 700 l of water ͑about 0.56 mm thick͒ deposited on the transducer. Also shown is the resonance frequency of the unloaded transducer ͑open squares͒ for comparison. Apart from the underlying increase in the resonance frequency with a decreasing temperature, which may be attributed to the increase in the Young's moduli of both PZT and brass with a decreasing temperature, there was an abrupt increase in the resonance frequency from about 1500 to about 2400 Hz when the apparent temperature of the water covered transducer was lowered below 2°C. The sudden increase in the resonance frequency signaled the freezing transition of the water layer. With a water layer, the resonance frequency of the transducer ͑open circles during cooling and filled circles during heating͒ was lower than that of the unloaded transducer ͑open squares͒ at the same temperature. The water layer possessed no rigidity ͑zero Young's modulus͒, the decrease in the resonance frequency due to the presence of water was attributed to the mass effect of the water layer ͓Eq. ͑7͔͒ as we have shown in Fig. 4 . As the water layer transformed into ice, the transducer's bending modulus increased abruptly ͓see Eq. ͑6͔͒ and, hence, the resonance frequency. The resonance frequency change due to the freezing transition of the water layer was reversible. Upon heating, the resonance frequency of the transducer with an ice layer dropped abruptly from about 2400 to about 1500 Hz as the apparent temperature was increased above 4°C, signaling the melting of the ice layer. The slight temperature hysteresis between the freezing and the melting cycles ͑about 2°C in the example shown in Fig. 5͒ increased slightly with an increasing water thickness.
In Fig. 6 we plot the resonance frequency with respect to the deposited ice layer thickness where filled squares represent the measured resonance frequencies and the open circles calculated values using Eqs. ͑1͒-͑6͒. For a given ice thickness, the resonance frequency was measured when the ice layer was just formed ͑at around 0°C͒ during the cooling cycle. Clearly, the measured resonance frequencies agreed with the calculated ones, indicating the validity of using Eqs. ͑1͒-͑6͒ for calculating the resonance frequency of a unimorph transducer with a solid layer such as ice deposited on the metal surface. As can be seen from Fig. 6 , the resonance frequency of the transducer increased with an increasing ice layer thickness due to the increased bending rigidity ͓Eq. ͑6͔͒ by a thicker ice layer. This is in contrast to the case where the transducer was loaded with water that had no contribution to the bending modulus. The water layer only increased the mass of the transducer, causing the resonance frequency to decrease with an increasing water layer thickness.
The thickness sensitivity could be obtained as the slope of the fractional change of the resonance frequency with respect to the thickness change
where dt 3 and d f r refer to the small change in the deposited layer thickness, and f r0 is the resonance frequency of the bare transducer. For the present transducer with a 0.254-mmthick PZT layer, the ice thickness detection sensitivity, S t , was about 1.5 Hz/Hz/mm at an ice thickness of about 1 mm and the water thickness detection sensitivity was about Ϫ0.1 Hz/Hz/mm at a water thickness of about 1-2 mm.
V. SUMMARY
We have examined experimentally and theoretically the resonance frequency of a PZT/brass unimorph disk transducer with a water ͑ice͒ layer deposited on the brass surface. The presence of a water layer decreased the resonance frequency and the decrease in resonance frequency increased with the water amount. We showed that a PZT/brass unimorph transducer could easily distinguish a deposited ice layer from a water layer. The freezing transition was detected by monitoring the resonance frequency with respect to temperature. As the temperature was lowered, the resonance frequency of the transducer increased abruptly as the deposited water froze into ice at the freezing temperature. In contrast to water, the presence of an ice layer increased the resonance frequency and the increase in resonance frequency increased with ice thickness.
Theoretically, an analytic expression for the resonance frequency of a unimorph transducer due to the presence of an ice ͑water͒ layer deposited on the brass surface was obtained in terms of the Young's moduli, densities, and thickness of the PZT, brass, and ice ͑water͒ layers. The theoretical predictions were shown to agree with the experimental results. 
